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ABSTRACT
Early detection of osteoporosis using advanced imaging is imperative to the successful treatment and prevention of high morbidity
fractures in aging patients. In this preclinical study, we aimed to compare dual-energy X-ray absorptiometry (DXA) and quantitative
computed tomography (QCT) to quantify bone mineral density (BMD) changes in the sheep lumbar spine. We also aimed to deter-
mine the relationship of BMD to microarchitecture in the same animals as an estimate of imaging modality precision. Osteoporosis
was induced in 10 ewes via laparoscopic ovariectomy and administration of high-dose corticosteroids. We performed DXA and QCT
imaging to measure areal BMD (aBMD) and trabecular volumetric BMD (Tb.vBMD)/cortical vBMD (Ct.vBMD), respectively, at baseline
(before ovariectomy) and at 3, 6, 9, and 12 months after ovariectomy. Iliac crest bone biopsies were collected at each time point for
micro-computed tomography (microCT) analysis; bone volume fraction (BV/TV), trabecular number (Tb.N), thickness (Tb.Th), and
spacing (Tb.Sp) were reported. aBMD and Tb.vBMD both decreased significantly by 3 and 6 months (p < 0.05) compared with base-
line, whereas no changes to Ct.vBMDwere observed. Combined (Tb. and Ct.) vBMDwas significantly correlated with aBMD at all time
points (all p < 0.05). Additionally, greater significant correlations were found between BV/TV and Tb.vBMD at all five time points
(R2 = 0.54, 0.57, 0.66, 0.46, and 0.56, respectively) than with aBMD values (R2 = 0.23, 0.55, 0.41, 0.20, and 0.19, respectively). The
higher correlation of microCT values with QCT than with DXA indicates that QCT provides additional detailed information regarding
bone mineral density changes in preclinical settings. Because trabecular bone is susceptible to rapid density loss and structural
changes during osteoporosis, QCT can capture these subtle changes more precisely than DXA in a large animal preclinical model.
© 2023 The Authors. JBMR Plus published by Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research.
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Introduction

Osteoporosis is the most prevalent metabolic bone disease,
with an estimated 200 million people affected worldwide

and over 2 million incident fractures reported annually in the
United States alone.(1,2) Osteoporotic fractures are becoming
increasingly burdensome on the medical industry, resulting in
exorbitant costs and high morbidity for affected patients.(2–4)

By 2025, the number of fracture repairs performed annually is
projected to grow by 50% and surpass $25 billion in related
health care costs.(2) Early and accurate detection of osteoporotic
bone loss is imperative for therapeutic intervention to prevent
disease progression.

Clinical diagnosis of osteoporosis relies heavily on the bone
mineral density (BMD) quantification of an individual patient,
as fracture risk increases significantly as BMD decreases.(5) BMD
is most commonly measured at the femoral head or lumbar
spine(6,7) using dual-energy X-ray absorptiometry (DXA). Patient
BMD values are compared to those of the average healthy pop-
ulation using a T-score to determine osteoporotic or osteopenic
status,(8,9) wherein if the patient’s T-score is less than 2.5, they are
diagnosed as having osteoporotic bone.(10) DXA is considered
the “gold standard” for clinical measurement of BMD because
of its low radiation exposure and simplicity of use.(11) However,
because DXA quantifies bone density based on a two-
dimensional region of interest, there are limitations with its
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preclinical and clinical applications. Specifically, precise patient
positioning and the inability to differentiate cortical and trabec-
ular bone can lead to overerestimation of BMD,(12,13) thus risking
underdiagnosis. Furthermore, trabecular bone is more suscepti-
ble to morphological changes during the early stages of osteo-
porotic bone loss in perimenopausal and aging patients.(14–18)

Other clinical factors such as obesity,(19) degenerative spinal
disease,(20) aortic calcification,(21) and osteoarthritic ostephytes,(22)

can also result in artificially high BMD measurements with DXA.
Because of these limitations, auxiliary imaging and diagnostic strat-
egies that provide more detailed assessments relative to DXA are
needed.

Quantitative computed tomography (QCT) is emerging as an
alternative screening modality to DXA by providing a volumetric
quantification of BMD.(23–27) QCT has the ability to distinguish
between trabecular and cortical bone, resulting in earlier detec-
tion of low trabecular BMD and reduced overestimation issues
noted with DXA.(28,29) Considering the superior sensitivity of
QCT for early and subtle detection of trabecular BMD changes
in clinical patients,(23) we sought to understand if QCT provided
improved quantification of bone loss relative to DXA.

Large animal preclinical models offer researchers the ability to
test multiple imaging modalities and compare bone changes in
the same animals over time, allowing for a more comprehensive
insight into the progression of postmenopausal and age-related
bone loss. Ovariectomized sheep are commonly used in osteo-
porosis research because they are comparable to humans in
both bone size and bone microarchitecture(30) and have been
shown to model decreases in bone density similar to postmeno-
pausal women.(31–33) Similarly to humans, DXA has historically
been the most common imaging tool used to observe changes
in lumbar spine BMD over time in the sheep osteoporosis
model,(34,35) and the use of QCT in longitudinal research studies

has been limited to high-resolution peripheral QCT (HR-pQCT)
in the radius or tibia.(36–38) QCT use has not yet been reported
in the sheep spine over a long-term study (out to 12 months
post-osteoporotic induction).

To our knowledge, QCT has not been evaluated in direct com-
parison with DXA to quantify BMD in the lumbar spine of sheep.
Additionally, no studies have directly compared QCT, DXA, and
micro-computed tomography (microCT) changes via serial sam-
pling over time in the same subjects—preclinically or clinically.
The objectives of this study were: (i) to compare BMD measure-
ments of the lumbar vertebrae over time in a sheep model of
osteoporosis using both DXA and QCT, and (ii) to correlate QCT
and DXA measurements with microCT bone microarchitecture
parameters in the iliac crest of the same animals over the course
of 12 months. We hypothesized that QCT volumetric BMD
(vBMD) would be more sensitive to changes in trabecular bone
over the course of osteoporosis progression in sheep and more
closely correlate with microCT values compared with DXA aBMD.

Materials and Methods

Animals and experimental design

All procedures were approved by the Colorado State University
Institutional Animal Care and Use Committee (protocol #2060)
and were performed in an AAALAC-accredited facility. Ten
healthy skeletally mature conventionally raised Rambouillet-
cross ewes aged 4 to 6 years were enrolled in this study based
on incisor presentation.(39) Any animals without full incisor erup-
tion or animals with “broken-mouth” or heavily worn-down
teeth were excluded from enrollment. The proposed experimen-
tal sample size (10 sheep) was calculated using an a priori power
analysis using longitudinal DXA BMD data from a previous

Fig. 1. Imaging segmentation andmeasurement of bonemineral density (BMD) in the sheep lumbar spine. (A) Quantitative computed tomography (QCT)
semi-automated analysis using the syngo Osteo software. Trabecular volumetric BMD (Tb.vBMD) was determined from the inner vertebral body cancel-
lous bone region (orange arrow) and the cortical volumetric BMD (Ct.vBMD) from the anterior cortical shell of the same vertebrae (blue arrow). Automated
segmentation was verified, and manual adjustments were performed if the cortical and trabecular bone were misregistered. Hounsfield units (HU) were
converted to mg Ca-HA/cm3 using the water (0 mg/cm3, left side) and bone-phase (200 mg/cm3, right side) phantom. (B) Dual-energy X-ray absorptiom-
etry (DXA) semi-automated analysis using the Hologic scanner software. Each vertebra was manually defined as extending from the intervertebral disk to
the facets. Phantom calibration of the DXA scanner was performed daily before imaging animals.

JBMR Plus (WOA)n 2 of 10 BISAZZA ET AL.



study(40) (G*Power version 3.1.1, Heinrich-Heine-Universitat Dus-
seldorf, Dusseldorf, Germany). This power analysis resulted in an
effect size of 1.2 and a power of 90%, using a standard deviation
of 0.05 for all groups. All animals were enrolled at the same time
of year to avoid seasonal impacts of bone loss and fed a standard
diet of alfalfa and grass hay mix with grain supplementation, as
needed. Animals were cohoused in standard indoor box pen
for the first 2 weeks after surgical procedures, followed by turn
out to pasture for the remainder of the study.

Osteoporosis was induced in all sheep (N = 10) via laparo-
scopic bilateral ovariectomy (OVX)(41) and administration of
corticosteroids. Two weeks after OVX, methylprednisolone
acetate (Depo-Medrol, Zoetis, Parsippany, NJ, USA) was admin-
istered to all animals at a dose of 500 mg IM (5–7 mg/kg) every
3 weeks for a total of five doses and then reduced to half dose
for three additional doses, as performed previously.(40,42)

In vivo imaging (QCT and DXA) was performed under general
anesthesia at five time points for all animals: baseline (before
OVX), 3 months, 6 months, 9 months, and 12 months after
OVX. Immediately after scanning at each time point, a 10 mm

bone biopsy was collected from the iliac crest using an Arthrex
OATS autograft system (Arthrex, Naples, FL, USA). Bone biopsy
specimens were fixed in 10% neutral buffered formalin until
microCT analysis. Iliac crest laterality was alternated at each
subsequent biopsy time point. At the 6-, 9-, and 12-month time
points, the incision was placed a few centimeters away from
the previous incision site and the bone was palpated for
defects before collection to prevent harvesting from a previ-
ous biopsy site.

For surgical and imaging/biopsy procedures, general anesthe-
sia was induced by injecting a combination of midazolam
(0.1 mg/kg) and ketamine (3.3–5 mg/kg) intravenously into a
peripheral ear venous catheter. Anesthesia was maintained
using isofluorane (1.5–3%) in 100% oxygen through an endotra-
cheal tube. Blood pressure was monitored continuously
throughout the procedures either through a peripheral arterial
catheter or blood pressure cuff. One day before OVX surgery
and each biopsy collection procedure, transdermal fentanyl
patches (150 mcg) were adhered to the forelimb for sustained
release over 5 days and phenylbutazone (1 g) was administered

Fig. 2. Bone mineral density (BMD) changes across each lumbar vertebrae (L3, L4, L5) in the sheep spine at baseline, 3, 6, 9, and 12 months post-
ovariectomy (OVX) (N = 10 subjects). Data are represented as median � interquartile range with individual animals marked and p values provided for
individual comparisons. (A) Dual-energy X-ray absorptiometry (DXA) areal BMD (aBMD) at each time point comparedwith baseline values. (B) Quantitative
computed tomography (QCT) trabecular volumetric BMD (Tb.vBMD) values at each time point compared with baseline values. (C) QCT cortical vBMD (Ct.
vBMD) values at each time point compared with baseline values. (D) Percent change of DXA aBMD, QCT Tb.vBMD, and QCT Ct.vBMD averaged across the
whole measured spine (L3 to L5) at each time point compared with baseline values. Statistical comparisons made using a two-way ANOVA with Dunnett’s
multiple comparisons.
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once per day orally for 7 days for analgesic effect. Additionally,
penicillin procaine G (3 million units) was administered subcuta-
neously once per day for 5 days for prevention of infection start-
ing the day before each procedure.

QCT measurements

All animals underwent a lumbar CT scan in a Siemens Soma-
tom Definition AS 64-slice scanner (Siemens Healthineers,
Munich, Germany) at each of the described five time points.
Animals were placed in the scanner in dorsal recumbency
under general anesthesia and a Siemens Osteo phantom
(Siemens Healthcare, Erlangen, Germany) was placed along
the dorsal aspect of the animal’s lumbar region to ensure
inclusion of bone-like and water-like phase reference values
in each scan. A single 10-mm-thickness slice with a voxel
size of 0.32 � 0.32 mm (voltage 80 kVp, current 300 mA)
was acquired in the transverse plane of the midsection of
three individual lumbar vertebrae, L3 through L5. Scans were
analyzed using the syngo Osteo software (Siemens AG, ver-
sion VA48A, Munich, Germany). Automatic contour tracing
of each vertebral body and the phantom was performed,
allowing for automatic separation between trabecular and
cortical bone (Fig. 1A). The automated segmentation was

verified and manual adjustments were performed if the cor-
tical and trabecular bone were misregistered. Mean trabecu-
lar volumetric BMD (Tb.vBMD) and mean cortical BMD (Ct.
vBMD) were reported for each scanned vertebrae in mgCa-
HA/cm3.

DXA measurements

Immediately after QCT scanning, all animals underwent a DXA
scan with a pixel size of 0.90 � 0.90 mm using a Hologic Discov-
ery A scanner (Hologic, Inc., version 13.3.0.1, Marlborough, MA,
USA). Animals were positioned in dorsal recumbency on the
DXA table and a scan of the lumbar spine region (L3 to L5) was
performed. Scans were performed in triplicate for each animal
to ensure minimal disruption of BMDmeasurements due to posi-
tioning. DXA device calibration was carried out using a Hologic
spine phantom (Hologic, Inc.) before each scanning time point
according to the manufacturer’s protocol. Areal BMD (aBMD) of
the lumbar vertebrae was determined by manually defining
the area between the caudal intervertebral disk to the cranial
facets of the vertebral body and calculating the aBMD using
the Hologic software (Fig. 1B). aBMD was reported in g/cm2 for
each vertebra.

Fig. 3. Relationship between dual-energy X-ray absorptiometry (DXA) areal bone mineral density (aBMD) and combined quantitative computed tomog-
raphy (QCT) volumetric BMD (vBMD) (trabecular and cortical vBMD average) of all measured lumbar vertebrae (L3, L4, and L5) (N = 10 subjects): (A) Cor-
relation between aBMD and vBMD at baseline, before ovariectomy (OVX). (B) Correlation between aBMD and vBMD at 3 months after OVX. (C) Correlation
between aBMD and vBMD at 6 months after OVX. (D) Correlation between aBMD and vBMD at 9 months after OVX. (E) Correlation between aBMD and
vBMD at 12 months after OVX. Statistical comparisons made using a Pearson’s correlation and simple linear regression.
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Micro-computed tomography

The iliac crest biopsy collected from each animal at each time
point was used for microCT analysis to quantify the trabecular
microarchitecture changes over time. Samples were scanned at
a resolution of 10 μm3 at 70 kVp, 113 μA, and 500 ms integration
time (Scanco μCT 80, version 1.1.15.0, Scanco USA, Inc., Wayne,
PA, USA). One region of interest (ROI) (5 mmdiameter, 400 slices)
was drawn per sample to include only trabecular bone and
reconstructed using fixed optimal threshold values (upper
bound = 2760.5 HU, lower bound = 456.7 HU). Threshold
boundingwas confirmed by visual inspection. The following out-
put measures of trabecular microarchitecture were quantified
from the three-dimensional reconstruction of each ROI cylinder:

bone volume fraction (BV/TV), trabecular thickness (Tb.Th),
trabecular number (Tb.N), and trabecular spacing (Tb.Sp).

Statistical analysis

BMD measurements and percentage change in BMD were sepa-
rately assessed for statistical differences at all time points com-
pared with baseline values using a two-way analysis of variance
(ANOVA) with Dunnett’s multiple comparisons. MicroCT mea-
surements were assessed for statistical differences at all time
points compared with baseline values using a one-way ANOVA
with Dunnett’s multiple comparisons. Comparisons among
DXA, QCT, and microCT outcomes were made using a Pearson
correlation, and a correlation coefficient (R2) and 95% confidence

Fig. 4. Bone microarchitectural changes measured using microCT in the sheep iliac crest biopsies at baseline, 3, 6, 9, and 12 months post-ovariectomy
(OVX) (N = 10 subjects). Data are represented as median � interquartile range with individual animals marked and p values provided for individual com-
parisons. (A) Bone volume fraction (BV/TV) at each time point compared with baseline values. (B) Trabecular number (Tb.N) values at each time point com-
paredwith baseline values. (C) Trabecular thickness (Tb.Th) values at each time point compared with baseline values. (D) Trabecular spacing (Tb.Sp) values
at each time point compared with baseline values. Statistical comparisons made using a one-way ANOVA with Dunnett’s multiple comparisons.
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interval (CI) was reported for each relationship. An R2 value of
0.0–0.19 indicated a very weak correlation, 0.20–0.39 a weak cor-
relation, 0.40–0.59 a moderate correlation, 0.60–0.79 a strong
correlation, and 0.80–1.0 a very strong correlation.(43,44) Correla-
tion coefficients for aBMD versus combined vBMD (average of
Ct.vBMD and Tb.vBMD) were calculated separately for each time
point and include values for each lumbar vertebra (L3, L4, L5).
When comparing with the iliac crest microCT outcomes, vBMD
and aBMD values were averaged across the whole measured
lumbar spine (L3 to L5). The best-fit line of the relationship was
determined by simple linear regression. For all statistical ana-
lyses, an alpha value of 0.05 or less (p ≤ 0.05) was considered sig-
nificant (GraphPad Prism 9.5.0, San Diego, CA, USA).

Results

DXA measurements

Baseline DXA aBMD measurements ranged from 0.882 g/cm2 to
1.206 g/cm2 across all measured vertebrae. Significant decreases
in average aBMD relative to baseline were noted across L3 and L4
at 3 months (p = 0.02; p = 0.003, respectively) and 6 months
(p = 0.01; p = 0.03, respectively), as well as L5 at
6 months (p = 0.005) (Fig. 2A). There was no change compared
with baseline L3 or L4 aBMD values at 9 and 12 months, and no
change to L5 values at 3, 9, and 12 months. On average, DXA
aBMD measurements decreased by 6.95% (� 4.71%) at
3 months, 8.65% (� 5.40%) at 6 months, 1.28% (� 7.74%) at
9 months, and increased by 1.80% (� 4.56%) at 12 months

post-OVX (Fig. 2D) across the whole measured lumbar spine (L3
to L5) when compared with baseline values.

QCT measurements

Tb.vBMDmeasurements ranged from 309.9mgCa-HA/cm3 to 494.2
mgCa-HA/cm3 at baseline, whereas Ct.vBMD ranged from 478.6
mgCa-HA/cm3 to 802.7 mgCa-HA/cm3. Similar to DXA, average
Tb.vBMD significantly decreased when compared with baseline
values across L3, L4, and L5 at 3 months (p = 0.004; p = 0.002;
p = 0.006, respectively) and 6 months (p = 0.002; p = 0.009;
p = 0.007, respectively) (Fig. 2B). However, L5 Tb.vBMD was also
noted to be significantly decreased from baseline at the 9-month
(p = 0.04) and 12-month (p = 0.02) time points (Fig. 2B). There
was no change compared with baseline L3 and L4 Tb.vBMD values
at 9 and 12 months. Average Ct.vBMD did not significantly change
between any time points at any of themeasured vertebrae (Fig. 2C)
when compared with baseline values. QCT Tb.vBMD measure-
ments decreased, on average, by 12.47% (�7.61%) at 3 months,
12.90% (�8.76%) at 6 months, 9.93% (� 9.55%) at 9 months, and
8.08% (�7.88%) at 12 months (Fig. 2D) post-OVX across the whole
measured lumbar spine (L3 to L5). Average Ct.vBMD decreased by
1.34% (�10.08%) at 3 months, 2.15% (�8.56%) at 6 months, and
increased by 1.68% (�10.02%) at 9 months and 3.35% (�13.23%)
at 12 months compared with baseline (Fig. 2D).

Comparison of in-life imaging modalities

Tb.vBMD (QCT) bone loss was significantly greater than both
aBMD (DXA) and Ct.vBMD (QCT) at 3 months (p = 0.003;

Table 1. Pearson Correlations for Relationships Between Iliac Crest Trabecular Bone MicroCT Volume and Microarchitecture Parameters
and Bone Mineral Density Acquired by DXA and QCT for 10 Osteoporotic Sheep

MicroCT
outcome Time Point

DXA aBMD (g/cm2) QCT Tb.vBMD (mgCa-HA/cm3)

Correlation
coefficient (R2)

95% confidence
interval

Correlation
coefficient (R2)

95% confidence
interval

BV/TV Baseline 0.2281 �0.22 to 0.85 0.5364* 0.19 to 0.93
3 months 0.5530* 0.21 to 0.94 0.5661* 0.23 to 0.94
6 months 0.4057* 0.01 to 0.90 0.6576** 0.37 to 0.95
9 months 0.2027 �0.25 to 0.84 0.5600* 0.22 to 0.94
12 months 0.1894 �0.27 to 0.84 0.4826* 0.12 to 0.92

Tb.N
(1/mm)

Baseline 0.1378 �0.34 to 0.81 0.4665* 0.09 to 0.92
3 months 0.5196* 0.17 to 0.93 0.5748* 0.25 to 0.94
6 months 0.2487 �0.07 to 0.89 0.3403 �0.19 to 0.86
9 months 0.2068 �0.25 to 0.84 0.4605* 0.09 to 0.92
12 months 0.1849 �0.27 to 0.83 0.6155** 0.31 to 0.95

Tb.Th (mm) Baseline 0.0372 �0.50 to 0.73 0.0806 �0.42 to 0.78
3 months 0.3738 �0.03 to 0.90 0.3088 �0.11 to 0.88
6 months 0.2081 �0.24 to 0.84 0.5055* 0.15 to 0.93
9 months 0.0582 �0.46 to 0.76 0.2374 �0.21 to 0.85
12 months 0.1572 �0.31 to 0.82 0.3460 �0.07 to 0.89

Tb.Sp (mm) Baseline 0.0404 �0.74 to 0.49 0.2859 �0.87 to 0.14
3 months 0.5053* �0.93 to �0.15 0.5557* �0.94 to �0.22
6 months 0.2815 �0.87 to 0.15 0.1401 �0.82 to 0.33
9 months 0.1453 �0.82 to 0.33 0.3461 �0.89 to 0.07
12 months 0.1049 �0.79 to 0.38 0.2587 �0.86 to 0.18

Abbreviation: aBMD = areal bone mineral density; BV/TV = bone volume over total volume; Ct.vBMD = cortical volumetric bone mineral density;
DXA = dual-energy X-ray absorptiometry; microCT = micro-computed tomography; QCT = quantitative computed tomography; Tb.vBMD = trabecular
volumetric bone mineral density; Tb.N = trabecular number; Tb.Sp = trabecular spacing; Tb.Th = trabecular thickness.
*p < 0.05.
**p < 0.01.
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p < 0.0001, respectively), 6 months (p = 0.03; p < 0.0001,
respectively), 9 months (p < 0.0001; p < 0.0001, respectively),
and 12 months (p < 0.0001; p < 0.0001, respectively) (Fig. 2D).
Although aBMD bone loss was also significantly greater than
Ct.vBMD at 3 months (p = 0.003) and 6 months (p = 0.0004),
there were no significant differences observed at 9 months
(p = 0.16) and 12 months (p = 0.60) (Fig. 2D). When comparing
DXA aBMD and combined QCT vBMD (average of Tb. and
Ct. vBMD measurements) of L3, L4, and L5 at each of the
time points (baseline, 3, 6, 9, and 12 months), the correlation
coefficients (R2) were 0.46 (moderate, p < 0.0001), 0.58 (moder-
ate, p < 0.0001), 0.60 (moderate, p < 0.0001), 0.62 (strong,
p < 0.0001), and 0.19 (very weak, p = 0.02), respectively
(Fig. 3A–E).

Comparison with microCT

MicroCT BV/TV of iliac crest trabecular bone decreased signifi-
cantly at 3months (p = 0.05), 6months (p = 0.02), and 9months
(p = 0.0005) compared with baseline (Fig. 4A). Iliac crest Tb.N
decreased significantly at 6 months (p = 0.01) and 9 months
(p = 0.005) (Fig. 4B). Tb.Th decreased significantly at
9 months (p = 0.006) (Fig. 4C), and Tb.Sp increased significantly
at 6 months (p = 0.03) and 9 months (p = 0.0005) (Fig. 4D). Sig-
nificant moderate correlations were found between lumbar
spine Tb.vBMD (QCT) and iliac crest BV/TV (microCT) at baseline
(R2 = 0.54, p = 0.02), 3 months (R2 = 0.57, p = 0.01), 9 months
(R2 = 0.56, p = 0.01), and 12 months (R2 = 0.48, p = 0.03), and
a significant strong correlation was found at 6 months
(R2 = 0.66, p = 0.004) (Table 1). When comparing lumbar spine
aBMD (DXA) and iliac crest BV/TV, significant correlations were
only found at 3 months (R2 = 0.55, p = 0.01) and 6 months
(R2 = 0.41, p = 0.05) (Table 1). Correlations between lumbar
spine Tb.vBMD and iliac crest Tb.N (micoCT) were significant at
baseline (R2 = 0.47, p = 0.03), 3 months (R2 = 0.57, p = 0.01),
9 months (R2 = 0.46, p = 0.03), and 12 months (R2 = 0.62,
p = 0.007) (Table 1), whereas a significant correlation was only
found at 3months (R2 = 0.52, p = 0.02) when comparing lumbar
spine aBMD and iliac crest Tb.N (Table. 1).

Discussion

This study measured BMD values utilizing DXA, QCT, and
microCT across a 12-month period in an OVX sheep model of
osteoporosis. Results showed QCT measurements and BMD
losses more closely matching that of the microCT values com-
pared with DXA, supporting our original hypothesis. The lumbar
spine, rich in trabecular bone, offers a key insight into early bone
loss, and accurate screening can be indicative of an individual’s
risk for vertebral fracture. Although microCT is not an option in
a clinical setting without the use of bone biopsy, QCT and DXA
can be utilized to measure changes in BMD in patients noninva-
sively. Limitations in current bone scanning modalities, primarily
the use of DXA, have implored the search for more precise
screening tools in the clinical and preclinical spaces. Although
there are advantages to the use of DXA, advances in QCT soft-
ware present a superior alternative to quantifying trabecular
and cortical bone densities and early identification of individuals
at high risk for fracture. Although radiation exposure is increased
in comparison to DXA, the opportunistic use of CT scans(45–49)

and low-dose protocols(11,50) can reduce the need for additional
scanning time and patient exposure.

Previous clinical studies have shown correlative relationships
between DXA and QCT BMD values in the lumbar spine,(24,44,51)

but there have been no clinical and limited preclinical studies
looking at the same subjects over time. Although CT Hounsfield
units (HU) and DXA aBMD have been compared in dogs,(52,53)

ours is the first study to directly compare QCT and DXA in the
sheep lumbar spine and to correlate those values to microCT
outcomes in the same animals over a long-term study using a
preclinical model of osteoporosis. We show moderate to strong
correlations (R2 ranging from 0.4–0.6) between QCT vBMD and
DXA aBMD values at each time point, indicating that changes
in BMD observed in an animal on DXA is reflected by similar
trending changes in BMD on QCT when cortical and trabecular
bone are analyzed together. This correlation is expected, as both
cortical and trabecular bone contribute to DXA aBMD. However,
when observing the trabecular bone changes alone using QCT, a
higher percentage of bone loss is observed at 9 months and
12months compared with DXA. We suspect this is due to trabec-
ular regions being more susceptible to rapid BMD and micro-
architectural changes than cortical bone, which is a key feature
of early-stage bone loss in peri- and postmenopausal osteoporo-
sis.(17) It is not unusual to observe a “bounce-back” of BMD
values in sheep after osteoporosis induction,(54,55) which we
indeed observed in this study when we looked at values deter-
mined by DXA alone. However, QCT has contrarily shown sus-
tained trabecular BMD loss in the sheep lumbar spine
throughout the duration of the 1-year study. Although we were
unable to harvest serial bone biopsies of the lumbar spine tra-
becular bone as a direct comparison to DXA and QCT measure-
ments, we were able to obtain iliac crest bone biopsies to
compare potentially similar trabecular bone changes in the
body at a higher resolution using microCT. We observed a con-
tinued decrease in iliac crest trabecular bone microCT values
BV/TV and Tb.N at 9 months and 12 months when compared
with baseline, demonstrating sustained microarchitectural
changes to the trabecular bone of the iliac crest after osteopo-
rosis induction. Thus, we suspect that DXA potentially underes-
timates the actual change in BMD over time in our preclinical
models and may inaccurately represent the amount of sus-
tained loss of trabecular bone.

Differences in scanning resolution also played a key role in the
outcomes of this study. MicroCT is one of the highest-resolution
scanning tools available to researchers to investigate changes in
bone structure. Unfortunately, microCT is an ex vivo method and
cannot be utilized in-life for humans or large animals. Although
microCT can be utilized on bone biopsies from patients, a nonin-
vasive scanning technique more indicative of trabecular bone
changes is more preferable to understand patient risk for osteo-
porotic fractures. HR-pQCT offers a way to look at bone micro-
architecture at a higher resolution than standard in-life
imaging modalities while maintaining relatively low radiation
exposure to the patient;(56,57) however, its application is limited
to the distal tibia and radius because of scanner size limitations.
Because trabecular bone microarchitecture heavily factors into
the overall bone strength and a disruption to microarchitecture
increases fracture risk,(15,16,58,59) it is probably more useful to
screen an anatomical location with a larger trabecular bone area,
such as the lumbar spine. We show stronger andmore significant
correlations at all time points between microCT BV/TV and QCT
Tb.vBMD than with DXA aBMD, as well as significant correlations
with Tb.N at a greater number of time points than DXA. Higher
imaging resolution of QCT versus DXA likely allowed for more
precise segmentation of bone and thus a stronger correlation
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with high-resolution iliac crest microCT outcomes. This is in
agreement with a previous study conducted by Bodic and col-
leagues, wherein they observed significant correlative relation-
ships between microCT values (BV/TV and Tb.N) and CT HU
measurements in the iliac crest of humans, but observed no sig-
nificant relationship when compared with DXA BMD measure-
ments in the same samples.(60) In this way, we demonstrate
that lumbar spine QCT more strongly correlates to iliac crest tra-
becular bone microarchitectural changes than DXA in our sheep
model, thus demonstrating higher sensitivity to multiple proper-
ties of osteoporotic bone loss.

This study is not without its limitations. Primarily, we acknowl-
edge that the bone biopsies utilized for microCT and the area
used for in vivo scanning are different anatomical locations (iliac
crest for microCT versus lumbar spine for DXA and QCT).
Although we expect that we would observe similar changes in
BMD and trabecular microarchitecture at both anatomical loca-
tions, we are unable to confirm that the QCT and DXA findings
directly apply to the lumbar spine trabecular microarchitecture.
Although some previous studies have shown that there are dif-
ferences in trabecular bone mass and connectivity(61) properties
across various anatomical sites of the body, significant correla-
tions in mechanical(62) and microarchitectural(63) properties
between the iliac crest and lumbar spine have been demon-
strated. Although this has not been verified directly in sheep,
similar trends in bone density loss have been observed over time
in previous sheep osteoporosis studies between the lumbar
spine and iliac crest.(33) Future research would be required to
directly compare microarchitectural changes between the iliac
crest and lumbar vertebrae trabecular bone in the sheep model
of osteoporosis. Additionally, we acknowledge that there is sub-
tle variability in bone microarchitecture across the iliac crest that
could have impacted our microCT results, as we were not consis-
tent between animals with respect to exact location of iliac crest
biopsy collection site at each time point.(61) There are inherent
limitations with using conventionally raised sheep in research
studies, primarily aging of animals. Although we do our best to
control for age based on eruption of incisors, it is difficult to
exactly determine age in sheep after reaching skeletal maturity.
Therefore, we excluded any animals with not yet erupted or
worn-down incisors that would indicate young or old age, esti-
mating an age between 4 and 6 years and controlling for age
effects.(39) A limitation to the use of QCT in preclinical research
is the use of multiple lumbar CT scans over a longitudinal study,
which could add up to high radiation exposure and cost. This is
an important factor when considering the use of QCT in human
subjects or long-term animal studies. For reference, animals in
our study received an approximate effective radiation dose of
0.06 mSv per single QCT lumbar vertebra scan, whereas DXA
radiation exposure typically ranges from 0.022 to 0.047 mSv for
a full lumbar spine scan.(64) There is typically a higher cost of
scanning using CT compared with DXA. Additionally, a trained
radiology technician is required to operate a CT scanner,
whereas less extensive training is required for DXA operation.
However, CT may be more readily available to researchers in a
preclinical or veterinary setting than DXA. While anesthesia is
required for use of both DXA and CT in a preclinical setting, no
differences in time required for scanning and animal positioning
were observed between modalities. Lastly, the lack of reference
data available for QCT leaves researchers and clinicians alike
unable to calculate T-scores, as is available with DXA. Further
clinical and preclinical studies using QCT in human patients
and animal models with osteoporotic, osteopenic, and normal

bone are required to build reference data sets for future use in
low bone density screening. Although limitations exist with both
methods, the available instrumentation ultimately dictates
which scanning modality is to be used in a longitudinal preclini-
cal study.

In conclusion, the results of this study indicate that QCT offers
a more precise tool to measure lumbar spine trabecular BMD in a
large animal osteoporosis model compared with DXA. Accurate
in vivo bone imaging modalities can reduce the number of ani-
mals needed for preclinical studies and provide more detailed
insight into the progression of hormone or age-related bone loss
that can be translated to humans. This preclinical data adds to
the growing body of clinical literature on the use of QCT in lieu
of DXA to quantify bone density for early and accurate diagnosis
of osteoporosis.
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